) and slight to no correlations between the systems based on the droplet spectra parameter called relative span. The information presented will allow researchers to be confident that droplet sizing data collected from either system will produce similar results and that the results can be compared.
he application of crop protection chemicals involves a complex interaction of application equipment, tank mix characteristics, operational parameters, canopy/environmental effects and meteorological factors, which influence on-and off-target deposition and the overall effectiveness of an agrochemical application (Kirk et al., 1991; Salyani and Cromwell, 1992) . Droplet size and spray formulations have been found to significantly affect the success of aerial applications (Yates et al., 1976) . Measurement of droplet size spectra can be conducted using non-intrusive laser equipment or with a variety of droplet collection and measurement systems. The present study uses droplet size information collected from horizontally placed water-sensitive papers (WSP) to evaluate the droplet spectra generated from five different nozzles. These cards are coated with a layer of bromoethyl blue, which turns from yellow to blue when water droplets come into contact with the card. This provides a very popular technique for rapidly assessing spray coverage in the field.
Water-sensitive paper is commonly used because it is very difficult to measure droplets that are deposited on leaf or Mention of a trademark, vendor, or proprietary product does not constitute a guarantee or warranty of the product by the USDA and does not imply its approval to the exclusion of other products that may also be suitable.
other biological targets. The WSP can be attached to these targets or cut in the shape of a desired target to provide a measure of the size of droplets that would have impacted on a particular target. However, like any sampling method, there some limitations associated with using WSP. Droplets that are less than 50 µm in diameter do not generally contain enough water to create a detectable stain on the WSP. The blue stain created by a water droplet is larger than the actual droplet due to spreading; therefore, a spread factor must be used to calculate the actual droplet that created a particular stain size. WSP will turn blue under high humidity (i.e. >85%) conditions, which makes the card unreadable; therefore, care must be taken when using WSP in crop canopies or under high humidity conditions. For a user to assess the droplet spectra on WSP, specialized imaging equipment and software must be used. Three of these systems are compared in the study described in this manuscript.
The most common term used to describe agricultural spray droplet size spectra is volume median diameter (D V0.5 ). D V0.5 is the droplet diameter (µm) where 50% of the spray volume or mass is contained in droplets smaller than this value. Two additional droplet size parameters that are commonly used to describe more of the distribution than the median alone are the D V0.1 and D V0.9 . These describe the proportion of the spray volume (10% and 90%, respectively) contained in droplets of the specified size or less. D V0.1 is often used to estimate the relative driftable portion of sprays. Relative span is a measure of the width of the droplet spectra around the D V0.5 and is calculated using the following equation: (D V0.9 − D V0.1 )/ D V0.5 .
OBJECTIVE
Compare three imaging systems used to analyze agricultural spray droplets collected on water-sensitive cards.
T MATERIALS AND METHODS

TREATMENTS
The treatments selected for this study involved the reference nozzles that define the droplet size spectra classification boundary curves for the American Society of Agricultural Engineers (ASAE) Standard S-572, "Spray Nozzle Classification by Droplet Spectra" (ASAE, 1999) . Nozzles of the same size as those for the ASAE S572 reference sprays were fitted to a Cessna AgHusky aircraft boom. Applications were then made using the spray pressures specified in the ASAE S-572 standard and the following operational parameters: aircraft flight speed -160 km/h, spray release height -2 m above stubble/ bare ground, effective swath width -14 m, spray application volume rate -28 L/ha. The number of nozzles (table 1) was adjusted to keep the application rate constant for all treatments while using the pressures defined by the ASAE S-572 standard. Each treatment was replicated four times. Although true replicates can never be obtained in this kind of field study because the application and meteorological conditions will vary, the applications might reasonably be considered as replicate measurements because the wind speed and direction relative to the flight line, ambient temperature and relative humidity were fairly consistent over all treatments (table 2) .
STUDY LAYOUT AND TREATMENT PROCEDURES
The in-swath deposition and downwind movement (i.e. drift) of applied material released from the aircraft was measured by flying the aircraft perpendicular to the prevailing wind. Sampling stations were placed parallel to the wind ( fig. 1 ). There were 12 sample locations at 1.5-m intervals within the swath (i.e., under the aircraft flight line) and 11 samples at 5-m intervals from the downwind edge of the swath. At each sampling location, a 2.5-× 7.5-cm water sensitive card (Spraying Systems, Wheaton, Ill.) was held horizontally on a metal plate placed on the ground. The aircraft made one pass over the described course for each of the four replications of each treatment, always turning on the spray 300 m before the sampling lines and turning off the spray 300 m beyond the sampling lines. The one pass was made with the left wing on the upwind side of the test layout. After each replication, sufficient time was allowed for the spray material to move downwind and the cards to dry. Each card was placed in a negative film holder and labeled.
IMAGING SYSTEMS
Three imaging systems were used to analyze the 2.5-× 7.5-cm water sensitive cards collected during the treatment applications. Aerial Application Technology Group of USDA-ARS in College Station, Texas, operated the first imaging equipment system. The system is composed of a CCD camera with a resolution of 15.6 µm/pixel and IMAQ Vision Builder 5 software (National Instruments, Austin, Tex.). The system is designed to capture the image of three, randomly selected, 1-cm 2 areas on each card and pool the three samples into one data set for each card. The second imaging technique was a commercially available system called DropletScan (WRK of Oklahoma, Stillwater, Okla.). DropletScan is a software program utilizing a flatbed scanner that allows the measurement of droplets (number, size, and distribution) on sensitive papers (Whitney and Gardisser, 2003) . The system was set up to scan 75% of the card area or 14 cm 2 . The resolution of the scanner is 30 µm/pixel. The third imaging system was another commercially available system call Swath Kit version 3.0 (Droplet Technologies, State College, Pa.). The system uses a Pulnix TM-7 series CCD B/W camera (Hingham, Mass.) with a resolution of 22.7 µm/pixel and a sampling window of 1.96 cm2. Four samples spaced along the length of the card were pooled into one data set for each card with this system. Proprietary imaging analysis software was used to analyze the images from the water-sensitive cards.
When a water droplet contacts water sensitive paper, it creates a stain that is larger than the original droplet as a result of the water being adsorbed into the paper surrounding the site of impaction (Hill and Inaba, 1989; Fox et al., 2001 ). The imaging systems used different spread factor equations to calculate the size of the actual droplet that created the stain size on the paper. The spread factor equations were:
USDA-ARS System: Actual droplet = (0.53549306 × stain diameter) -(0.000084839 × stain diameter 2 ) DropletScan System: Actual droplet = stain diameter / (1.6333 + 0.0009 × stain diameter) Swath Kit: Actual droplet = -4.42 + (0.583 × stain diameter) -(0.000132 × stain diameter 2 )
The spread factor equations calculate relatively similar droplet size information from the same stain size for stain sizes less than 800 µm ( fig. 2 ). As the droplets became larger, there were greater differences in the calculated actual droplet size diameter from the same imaged stain size. The effects of the different spread factors will be further discussed in the Results and Discussion section.
STATISTICAL ANALYSES
All correlation analyses were performed using the Proc CORR procedures in SAS (SAS Inc., Cary, N.C.). This procedure computed the Pearson's Correlation Coefficient between two samples sets.
RESULTS AND DISCUSSION
CORRELATIONS BETWEEN THE IMAGING SYSTEMS
The authors had originally hypothesized that there may be some differences in the three systems based on the number of droplets on the card and the fact that the systems may analyze different sections of a card. For example, if there were only a few droplets on a card, the systems may calculate different droplet size spectra because of small sample sizes. This hypothesis proved to be correct. When every sample (i.e. card) was included in the statistical analyses, the correlation between the sampling systems was not always significant. This suggested that WSP may not be the best sampling method when very few droplets deposit on a surface.
Several sets of statistical analyses were performed on the data by deleting samples that contained droplets less than a given number (i.e. 1 to 25 drops/sample). The analyses revealed that there were no significant increases in correlation between the imaging systems once samples containing less than 10 droplets were eliminated from the statistical analyses. Therefore, the discussion of the results that follows will only be for those samples (i.e. cards) that contained 10 droplets or more.
Although the highest correlation coefficients were found between the USDA-ARS and Swath Kit systems, there were highly significant correlations for the measured droplet size parameters between the imaging systems for D V0.1, D V0.5, and D V0.9 . The significant correlations held for both the samples taken directly under the aircraft (i.e. in-swath) and the samples that were downwind of the application (table 3) . Statistical analyses conducted for each of the individual treatments yielded significant correlations but are not shown. The correlations between the systems for relative span were not always significant.
EFFECT OF THE DIFFERENT SPREAD FACTOR EQUATIONS ON THE RESULTS
While the systems compared in this study measured highly correlated droplet spectra parameters, the authors were also interested in the effects of the different spread factor equations used by each system. Figure 2 shows that as the stain becomes very large, there are greater differences between the calculated droplet sizes with the different imaging systems. The USDA-ARS system allowed the authors to reanalyze all of the USDA-ARS captured images for each card with the spread factor equations from the other two systems. After reanalyzing the USDA-ARS images, the [b] ** − Indicates highly significant correlation at α = 0.01, n = 151, * − significant correlation at α = 0.05, n = 151, ns − nonsignificant correlation at α = 0.05, n = 151. [c] ** − Indicates highly significant correlation at α = 0.01, n = 87, ns − nonsignificant correlation at α = 0.05, n = 87. new data set (USDA-ARS images with a new spread factor correction) was compared to the corresponding imaging systems data set and a new statistical correlation analyses was performed (table 4) . Samples containing less than 10 droplets were eliminated from the analyses. Surprisingly but fortunately, for users of these systems, the different spread factor equation had virtually no effect on the strength of the correlation between the data sets compared. While there was a general increase in the correlation coefficient when the same spread factor equation was used by both imaging systems, the percent increase in the correlation coefficient was not significant or consistent. The impact of the spread factor may have been stronger if only very large (>500 µm) droplets were collected on water-sensitive paper.
CONCLUSIONS
There was a high correlation for the three imaging systems used in this study for the droplet spectra parameters of D V0.1 , D V0.5 , and D V0.9 with less consistent results with relative span measurements. The results from this study will allow researchers who use water-sensitive cards to be fairly confident that their results will be comparable irrespective of the measurement system used. The three imaging systems tested would be expected to allow a researcher or other users of these imaging systems to draw similar conclusions based on the droplet spectra data that is reported by any of the systems.
